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Abstract
We present a detailed analysis of the self-propalsf a model nanometer-scale motor
by reactive molecular dynamics simulations. Theonaotor is decorated with catalysts on only
one side that promotes exothermic reactions o$tiheunding fuel. Unidirectional drift of the
nanomotor is observed that is superimposed onrdge/Ban motion. The motor response upon
the application of external loads is also invesddaand the thermodynamic efficiency is
calculated. It is shown that the propulsion of nanomotor can be understood by a momentum

transfer model which is akin to rocket propulsion.
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l. Introduction

A continuing challenge for nanometer-scale sciargetechnology is to create self-
propelling systems that are capable of providingtmaeical work at high efficiency?* Such
systems hold promise for a wide range of applicetithat include directed self-assembly, drug
delivery, nanofluidic and nanorobotic systems. Aanaspiration for this endeavor comes from
biomolecular motors that function in synthesisngortation and actuation processes in
biological system$ A natural strategy is to directly incorporate baetular motors with
inorganic materials into hybrid nanodevices, utilize biological building blocks to generate
motion®”#%°However, these approaches are limited by the \wgrkhvironment and fuel type,
as required by the biological components. For nietegical systems, controlled motion has
been observed in systems that include supramoketuoietal nanocrystal devicésand
magnetic colloidal chain.The operation of these motors is mostly poweredrbgxternal
agitation such as light, an electric/magnetic fi@lascillating chemical concentration.
Therefore, unlike biomolecular motors, the motiohthe above artificial motors are not strictly
autonomous.

Recently, it has been shown that catabymetallic nanorods exhibit interesting self-
propelled motion in hydrogen peroxide solutioh$*>1¢1"1819%hese nanorods have
comparable size, speed and energy source (cataehginical reactions) to bacteria. The original
approach has been expanded to systems with altermadtors (consisting of polymét or
silicon?), fuels (hydraziné® or glucos&®) and catalysts (synthetic molecular cataly3tsr
enzymes?). Various propulsion mechanisms have been putfartluding bubble
recoil 1*1*#?%nterfacial tensior” self-electrophoresi€:'® self-diffusiophoresi$>?°?'The

precise origin of the driving force is thought ® $ystem-dependent and multiple propulsion
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mechanisms might operate at the same time. Fanost self-electrophoresis seems to be
responsible for propulsion in bimetallic nanorodtsyns, while self-diffusiophoresis is likely to
play an important role for systems without eledtemical reactions. An apparent universal
feature is to achieve asymmetric reactions by ptathe catalysts on one side of the motor or
partially blocking the release routes of the prdadu©ne exception is the recent demonstration of
the self-propelled motion of a single-componentarad without the bimetallic structure to

break the symmetr3? Instead, it is perceived that the necessary asymrisedue to the oblique
inclination of the nanorods to the buoyancy/graiotaal direction.

The smallest dimension of the catalytic molecutators investigated in the above
studies is about one third of a micron. This igédy due to the technical difficulty in discerning
directional motion for objects at submicron siz@herefore it is unclear whether this type of
catalytic system can operate when being scaled dowhe tens of nanometers (or less) scale. In
addition, the thermodynamic efficiency of catalytiolecular motors has not been directly
measured. By considering the viscous drag fordeaasof coupling external loads, Paxtinal.

7 estimated the efficiency of bimetallic nanorod$éoon the order of 10 Although it is

possible to enhance the efficiency by 8 times thhomcorporation of carbon nanotubes into the
catalytic end”” the motor efficiency is still extremely low. Thact that multiple (sometimes
competing) propulsion mechanisms operate simultagsiganakes it difficult to rationally
optimize these nanomotors.

On the other hand, theoretical investigations @fegular motors have focused on either
complicated biomolecular motor systeffi§**?*%or idealized Brownian motoré.There is very
little simulation work to understand catalytic mmléar motor systems that use asymmetric

catalytic reactions. Ruckner, Tao and Kapral suidiself-propelled catalytic-inert nanodimer
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using a hybrid mesoscopic-molecular dynamics schieii@hey observed directional motion of
the nanodimer that originates from concentrati@dgmts as well as unequal affinities to the
solution. However, the catalytic reaction was impdated by Monte Carlo operations so that the
estimation of chemical energy expense is not diteogvard and the motor efficiency was not
determined. Cordova-Figurueroa and Brady studieabtis propulsion as a result of chemical
reactions using Brownian dynamics simulatidh@uestions remain whether entropic-mixing is
sufficient for propulsion. It was suggested thattéermic reaction has to be explicitly modeled
in any theoretical modeling to understand chemjqaibpelled autonomous motidh.

In this paper we present a detailed theoreticadstigation of a nanometer-scale motor
propelled by asymmetric chemical catalysis withsuarounding fuel environment. Instead of
focusing on a particular experimental catalyticerantor, the objective of this work is to
examine the generic dynamics of reaction-induceguydsion at the molecular level.
Autonomous motion, which is simulated by reactivaeunular dynamics (MD) trajectories, is
observed at the nanoscale. The effects of temperahotor construction and simulation
constraints on the free drifting behavior are ats@stigated. Furthermore, the nanomotor is
subjected to external force opposite to the salpplied direction. With the precise knowledge
of the extent of chemical reactions, the thermodynafficiency of the motor at different load
is calculated. Finally, a propulsion mechanism dasemomentum transfer is formulated that

agrees with the MD simulation results.

Il. Reactive state summation fuel-catalyst foretdfi
Rather than attempting to model a specific systeenhave chosen to model a generic

asymmetric fuel-catalyst system using a reactiteratomic potential. The advantages of this
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approach, as opposed to quantum mechanical catmgair highly-accurate empirical force
field (such as REB&*°*and ReaxFf*3, are moderate computational demands which allow
us to attain statistically significant results ageheralizable observations. By utilizing reactive
molecular dynamics simulations, the hydrodynamagding force, exothermicity of the reaction
and various energy transfer processes, which fattathe unidirectional drift of the molecular
motor, can be described simultaneously.

Based on the reactive state summation (RSS) ermpiatential’* a model fuel-catalyst
force field was devised for this study. The cdrgteategy in the RSS scheme is to combine non-
reactive force fields that are modulated by manghbweeighting function. The weight function
depends on a reaction coordinate. The attractateifes of the RSS scheme include flexibility,
expandability and computational simplicity. Thifieme has been used to study the detonation
behavior of nitrogen cubarf&®>**the growth of nanoporous carb&rand the phase

transformation of silic® and boron oxidé®

[I.LA Formulation

The model fuel-catalyst system consists of thypeg of atoms: fuel atom (F), catalyst
atom (C) and inert atom (I). These atom specieganeric models and do not correspond to
particular chemical elements. The chemical reaaticthe primary interest is the combination
reaction of monatomic fuel molecules (as reactanotg)atomic fuel molecules (as products).
The goals in the formulation and parameterizatibtine force field are: (1) the combination
reaction of the fuel atoms without catalysts istagomic and with a relatively high reaction
barrier; (2) the combination reaction of the fugnas, in the vicinity of the catalyst, is

exothermic and with a relatively low reaction barriThe inert atom is hard-sphere like and does
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not participate in chemical reactions. The foreddfis constructed in the following manner.
More details can be found in Ref. [44]. First, mtemic forces for each reactive state, including
the reactant and product, are described by coru@aittiwo-body interactions. A reactive
coordinate is then given as a function of atomecgs via the Kronecker delta function and the
local environment. Thus, the many-body effects,chtdre essential for covalent bonding, are
introduced in a reactive-coordinate-dependent wdigiction. Finally, the total potential energy
of the whole system is the sum of individual patatfor each reactive state modulated by a

weighting function:

PE=% a8 )t W Er) (1)

iN}i s
wherei, j loops oveiN atoms s loops over the reactive states including any nurobesactants,

products and intermediated. is the Kronecker delta function that nullifies gentribution from
reactive stats, unless the atom typesiodindj (denoted, , t,) matcht; andt;. E*(r;) is the

pair potential for reactive stase The weighting functiorw, is written as:
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The reactive state is specified in terms of thaltobordination numbe€N , partial coordination

numberCN_ (counts only fuel atoms) and partial coordinatrmberCN, (counts only the

catalyst atoms). Therefore, the weight functiorceldtes the difference between those specified

for this particular reactive stat€{N, CN. andCN. ) and those calculated instantaneously for
each atomCN, CN. andCN.). The parameterd. , A and A. define the selectivity of this
reactive state or the phase space it covers. $hidria very largeA value, the weight function

is zero unless the reactive states match exacotlyg feroA value, the particular reactive state is
insensitive to the reactive state and contribudabé total force field very much like a two-body
interaction. The coordination numbers are calcdlatethe sums of a neighbor-counting function

foy as in Equation (6).f., is a smooth function changing from 1 to O in &s$raon region of
width 2w from r7 - 2w to r as the interatomic distance increases.

Ten reactive states are included in Equation (he Tunctional forms as well as the
parameters are listed in Table 1. Those paramatershosen such that: (1) all the atoms have an

equal mass 08.32" 10?°kg (20 amu); (2) the equilibrium separation for tiatomic product
molecule is 0.3 nm; (3) the exothermicity at 0 Ktlé combination reaction of the fuel atoms
equals that of the hydrogenation reaction of fodehyde to methanol (85.3 kJ/mdf).
Therefore, after the mass, length and energy sealdefined, all other physical quantities can be

consequently determined in Sl units.

We use three types of interatomic potential EG(r; ) to describe the bonded

interactions as well as the non-bonded interactidriee first one is a two-body Morse-type

potential that is used in the first four reactiv@eas (state 1 through 4):
EM(r ) =e(e” " - 2¢ 7)) () ™

7
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fcutoff(rij )= fen (rij ) (8)
The second type foE® is a hard sphere (HS) form that is used in reacttates 5 and 6:

S/(r-Re)
e’ <R

EHS r)=
()= ¢ R

9)

The third type forE® is a truncated and shifted Lennard-Jones potehtdlis used in the rest of
the reactive states:

2

EV(r,)=4e (s/rij)lz-(s/rij )6 - de (sIR)* (sIR)

(10)

The role of each individual reactive state is d®¥es. Note that each state is restricted to
particular pairs of species. The first two reacst@&es concern the interaction between two fuel
atoms. Reactive state 1, a conventional Morse tpravides the potential well for the diatomic
product molecule. Reactive state 2, on the othedhlaas a negative parameter which provides
a non-zero barrier for the combination of two faims. The combined effect of reactive state 1
and 2 is a positive energy barrier in front of tteemal potential well, as can be seen from Figure
1(a). As two isolated fuel atoms approach eachrp¢gheeaction barrier has to be overcome
before a diatomic product molecule forms with hestase. The next two reactive states (3 and
4) deal with the interaction between one fuel and catalyst atom. Reactive state 4, which is
analogous to reactive state 1 in the fuel-fuelrateon, provides the potential well for the fuel-
catalyst interaction. Similarly, reactive statevBjich is analogous to reactive state 2, produces a
reaction barrier for the combination of fuel-catlyThe combined effect of reactive states 3 and
4 can be seen from Figure 1(b). The catalytic éfbecurs because both reactive state 2 and 3
are total-coordination-dependent. That is, anyatemi from a total coordination of 1 diminishes

the contribution of reactive states 2 and 3, wiioth provide the positive barriers. Therefore the
8



To be appear in the Journal of Chemical Physics

reaction barrier of the combination of two fuelra®is lower in the vicinity of another atom.
Catalyst atom is more effective because the engegglty for the intermediate separation is
lower (as shown in Figure 1) thus a catalyst isenikely to be adjacent to a fuel atom.

Reactive state 5 deals with the three-atom com{@ek-F) in which one catalyst atom
and two fuel atoms are mutually bonded. The patéehergy of this complex has to be higher
than that of an F-F pair (product) plus an isolatathlyst atom, so that the removal of a catalyst
atom from the C-F-F complex is energetically faebr€he pair potential in reactive state 5 is
purely repulsive and its weight function strictlects this intermediate state (C-F-F). Therefore,
reactive state 5 effectively increases the poteatiargy of the three-atom complex to provide
the driving force for the removal of the catalysim.

Reactive state 6 prevents overlapping of atomsdégss of their reactive states. The
weight functions of reactive state 7 to 12 areunlty. Therefore these terms describe Van der
Waals interactions and do not affect breaking omfog of covalent bonds. All Van der Waals
interactions are repulsive except for the catalystt and inert-inert interactions, which are
important for the stability of the inert crystaldatne adsorption of catalysts on the inert crystal,

as in the unconstrained nanomotor model (Sectidg)ll

[I.B Reaction path analysis by nudged elastic baethod

To understand the catalytic reaction mechanisnhi®iRSS fuel-catalyst force field, the
combination reaction of two fuel atoms at the pneseof one catalyst atom in a collinear
geometry is studied using the nudged elastic baiEB] method’*>* The central atom is a fuel
atom with one catalyst atom and a second fuel aomach side. The potential energy landscape

is shown in Figure 2, where the two independentekyof freedom are the distance from the
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central atom to the catalyst atom {) and to the other fuel atomn_(). The start and end point

for the NEB method are points A and D, respectivelyint A represents the configuration that
all three atoms are far away from each other, wioi@t D represents the configuration that two
fuel atoms bond to each other (a diatomic prodmech$) with the catalyst far away. The reaction
path revealed by the NEB method involves threesséspshown in Figure 2: (1) the center fuel
atom first binds to the catalyst (A to B); (2) thiber fuel atom starts to approach the center fuel
atom so that the central atom bonds to both theysatand the fuel atoms (B to C); (3) the
catalyst atom moves away and a diatomic produceowutt is left (C to D).

As seen in Figure 3, the reaction barriers forabeve three-step catalytic reactions are
0.0453, 0.142 and 0.13 eV, respectively. In congoari the reaction barrier for the direct
combination of two fuel atoms without the preseateatalyst atoms is 0.40 eV. The path of this
direct combination reaction is also shown in batjufe 2 and Figure 3. It is clear that the
catalyst lowers the reaction barrier of the comtiamareaction substantially. We have also
carried out the same analysis on geometries intwihie three atoms are not collinear. It was
found that the reaction barrier remains the samsrfall deviations of the C-F-F angle away
from 180 degrees and increases for large deviations

Without catalysts, the presence of a third fueiratdso lowers the barrier of the
combination reaction of two fuel atoms into produict 0.31 eV. Therefore, the fuel atom itself
can act as a catalyst. It can also be shown tblaiséer of fuel atoms is capable of lowering the
reaction barrier even more. However, this selflgtitaeffect from fuel atoms is not as effective

as the catalyst atom, as reflected in the reactt®s described in the next section.

[I.C Reaction rate

10
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The above analysis of the potential energy landscapery useful to comprehend the
intended catalytic effect. However, the existencthe reaction path ABCD (with a lower
reaction barrier as opposed to the original reaqtiath) does not guarantee a significantly
enhanced reaction rate. To include kinetic effegesscompared the reaction rates of fuels with
or without catalysts using molecular dynamics satiahs. The first simulation system contains
112500 fuel atoms and 12500 catalyst atoms. Thenskesimulation system contains 112500

fuel atoms and 12500 inert atoms. The size of binttulation systems is 58.%58.5 58.5 nn.

The number density of the fuel 562" 1G° m*, which is very close to that of the nanomotor
system as described later. At time zero in botkesys, atomic positions are randomized and
atomic velocities are thermalized to a prescrilmgtthi temperature. The simulation is then run at
constant volume and energy. During the simulatidregpomic fuel molecules are formed
depending on the temperature, concentration ofdndlwhether the catalyst is present. The
reaction rate can be extracted by tracking the ladjm of products as a function of time. We
consider a fuel atom to be a product if it hasighi®oring fuel atom within 0.375 nm (the upper
bound of the first peak of the radial distributfmmction for the products). The reaction rate can
be calculated as the slope of the linear fittinghef productys.time. Such estimation of

reaction rate is only accurate when the temperatndethe fuel concentration are constants.
However, because the total energy of the systaronserved and the combination reaction of
the fuels is exothermic, the temperature increakgistly as reaction proceeds. Moreover, the
fuel concentration also decreases during the psode@sminimize these effects, the simulation
time is chosen to be between 8.63 (for high tentpeza) to 43.2 ps (for low temperatures) to
ensure the extent of reaction is minute. In thig,viar all simulations, the temperature increases

by less than 10 % and the fuel concentration deesehy less than 1 %.

11
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The Arrhenius plot of reaction rates as a funcbbtemperatures is shown in Figure 4.
The apparent activation energy for the fuel comioamareaction is 0.08 eV with catalyst and
0.135 eV without catalysts; i.e. the presence efddtalyst atoms lowers the activation energy by
about two fifths. The activation energy from thetfanius plot is different from the reaction
barriers obtained from the NEB method. This is heeahe reaction barriers from the NEB
method are for three-atom systems while multi-attusters contribute to the reaction in the MD
simulations. Moreover, the prefactor in the Arrenialation is temperature-dependent. The
catalytic effect is more pronounced at low tempeed. For instance, at 116 K, the reaction rate
increases 70-fold at the presence of catalyst. Mewat 174 K, the enhancement of reaction

rate is only 10-fold.

[ll. Simulation results for molecular motors
[lI.A Simulation system setup

The size of the simulation box (Figure 5) is B0 18 nnt. The simulation system is
periodic in all three directions. A rectangular o9 6 9 nnt) is positioned inside the
system that is aligned with the simulation box. T&or occupies about 1/4 of the cross-section
of the whole simulation system. To investigate slyssize effects, systems which are twice as
large in both the X- and Z-direction were simulad@d almost identical results compared to the
smaller systems were obtained. A total of 75 catadyoms are packed in a simple cubic lattice
with a spacing of 1.8 nm. This spacing is suffithgrarge (almost three times the cut off
distance of the reactive force field) so that th&alytic effect of one catalyst will not be affette
by its neighbor catalyst atoms. There are alsoi@&& atoms in the motor constituting the motor

wall. A single layer of inert atoms covers the gatiain all faces of the motor except the

12
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negative Y face. The inert atoms are also packedsimple cubic lattice with a spacing of 0.6
nm. The inert layer is dense enough that neithentbnatomic fuel nor diatomic product
molecules can pass through. The velocities of #halgst and inert atoms are set to zero in the
initial configuration. There are a total of 106&@fatoms with random positions inside the

simulation box excluding the volume that is occdpdy the motor. The number density of the

fuel is 5.56" 1G° m®. The velocities of the fuel atoms at time zerodetermined according to
the initial temperature.

Classical equations of motion for the atoms americally integrated without
temperature or pressure control with a time step.bf3 fs. The advantage of using a micro-
canonical ensemble, as opposed to coupling torentistat, is that mass, momentum and energy
are conserved locally so that the correct hydrodyosa emerge naturally. Furthermore, the
dynamics of the chemical reaction will not be pdyad by the introduction of the thermostat.
The disadvantage is that the varying temperatuteeofystem due to the exothermic chemical
reactions which complicates the analysis. Simutatio which the systems are coupled to a
Nose-Hoover thermostat>*have also been carried out to control the sysesnperature.

Similar results are obtained in those simulationg/hich catalytic chemical reactions propel the
spontaneous motions.

There are two additional constraints applied tosygtem which are very similar to R&f.
The first constraint is that the coordinates fasteaf the catalyst and inert atoms are not updated
according to their individual forces and velocititsstead, the total force and velocity of the
whole motor is used so that the motor (includirgyitrert and catalyst atoms) behaves like a
rigid body. Thus the motor is somewhat analogous golid porous medium dispersed with

catalysts. The second constraint is that the fotaé of the motor in the X- and Z-direction is set

13
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to zero. Thus the motor is bound to move only aliegY-direction (constrained on a virtual
track). The second constraint can be realized @xpetally, for example, by confining a
shuttling nano-ring along a carbon nanotube. luhbe noted that the observed spontaneous
motion of the motor is not a result of the two doaisits described above. They are used solely
to speed up the computation and simplify the amalygurther discussions regarding the

constraints will be given in Section IlI.E.

[1l.B Spontaneous motion of the nanomotor

The nanomotor as described in the proceedingmseidtireleased in a fuel environment
with an initial temperature of 116 K. Five indepentsimulations were carried out to reduce
sample-to-sample variations. Figure 6 shows thet@dge of the nanomotor as a function of
time for all five simulations. Because the motofree of fuel atoms at time zero, the nanomotor
experiences a negative total force (pushing dowimarily from the fuel gas above it.
Consequently, the motor moves down initially. Aféeshort period of time, the fuel atoms fill in
the motor from below to balance the pressure frbova. Figure 6 shows that the motor starts to
move up after about 86 ps. This motion is bestattarized as a small directional motion
superimposed on a Brownian motion. The velocitthefupward motion is 5.8/s The velocity
of the random motion can be characterized by a ¢eatpre that is equal to that of the
surrounding fuel atoms. This is illustrated in thget of Figure 6.

As the nanomotor moves up, the catalyst atomsertsiel motor continue to catalyze the
combination reaction of the fuel atoms. As expectieel majority of the reactions occur inside
the motor as shown in Figure 7. However, theresarall amount of diatomic product molecules

formed outside the motor via reaction routes tlwahat involve catalyst atoms. It is also worth

14
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noting that the reaction rate increases continyoasthe simulation proceeds as shown in Figure
7. This is because the system temperature increlage® the exothermic chemical reaction.

The catalytic chemical reactions produce both tlaéand concentration gradients near
the opening of the motor as shown in Figure 8. Beedhose two distributions are quite similar,
only the kinetic energy distribution will be dissesl. Due to the geometry of the motor, it is
interesting to compare the thermal energy distidouin regions within the X-Z projection of the
motor (solid lines) and those outside (broken hneg$-igure 8. The peak of the kinetic energy
distribution within the projection of the motor ktes inside the motor. However, the peak of the
kinetic energy distribution outside the motor podijen, which is much smaller, is located below
the opening of the motor. For regions far enougmfthe motor, these two distributions overlap
due to sufficient thermal diffusion. As expectdte heat generated inside the motor flows
primarily in the negative Y-direction because tlo¢ iroducts can only exit through the bottom
opening of the motor. As a result, the bottom efittotor is significantly hotter than the top of
the motor. Also as shown in Figure 8, the thermmatiggnt increases as a function of time due to
the elevated chemical reaction rate.

The asymmetric chemical reaction on two sidexiefrhotor wall leads to heat and
product accumulation below the motor (as shownigufe 8). However, the phoresis effect from
this concentration or temperature gradient is matibecause the side walls of the motor are
repulsive-only and atomically flat. Therefore thes@o interfacial layer structure formed, that is
vital for phoretic transport for colloidal partislg® Instead, the upward motion of the motor is a
result of the exhaustion of the hot product throtlghbottom. A propulsion model based on

momentum transfer is given in Section IV.B.
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[1l.C Chemically-driven motion at different tempé&see

To correlate the motor motion to chemical reactidhs initial temperature of the fuel is
set from 29.1 to 174 K. For each initial temperatdive independent simulations were carried
out. The displacements of motors for various ihteaperatures are plotted in the top pane of
Figure 9. The amounts of products are plotted édongarison in the bottom pane. There exists a
strong correlation between spontaneous motion hathical reactions. For initial temperatures
below 72.6 K, there is neither chemical reactionmotor motion. For initial temperatures
above 87.0 K, the displacement increases withrtiialitemperature because the reaction rate is
strongly temperature-dependent. However, for teatpegs higher than 131 K, the displacement
decreases slightly as temperature increases. §hsainly because at high temperatures the

catalytic effect diminishes.

[1l.D Design consideration for the motor

Based on the nanomotor described in section Itiv, variations are applied to illustrate
the essential ingredients in nanomotor designth®first variation, the catalyst atoms inside the
motors are removed so that no catalytic reactiauiec For the second set, the upper inert layers
are removed (both ends of the motor in the Y-dioecare open) with the catalyst atoms present.
Consequently, the catalytic reactions are symmekhe simulation conditions are otherwise
identical to those in section I11.B. Five indepentisimulations were carried out to obtain
sample-to-sample variations for both cases. Thelisptacements ar@.6+ 0.2 and- 1.0+ 0.6
nm for the above sets of simulations, respectiMelgomparison, the net displacement of the
original motor is9.5% 0.4 nm. Therefore, both the presence of catalystsaagohmetric opening

design are critical to the spontaneous motion eftiotor.
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lIl.LE The effect of constraints on the locomotion

There are two constraints imposed in all the nastonsimulations above. The first one
is to hold the nanomotor rigid. The second one iestrict its motion only along the Y-
direction. Both constraints affect the energy tfangom the catalytic reactions to motor motion
by preventing energy dissipation modes such assgrand lattice heating of the motor wall.
Here we try to understand whether these dissipatiodes, if allowed, can significantly reduce
the drifting velocity or even destroy the autonomowtion completely.

The original motor wall is replaced by an inertidatith a hollow inside and one
opening at the negative Y-direction. The atomsoiidsare in a face-centered cubic lattice. The
shape and dimension of the new wall is the santieeasriginal constrained motor. There are
about 10000 inert atoms in the nanomotor (in compar the original nanomotor has less than
900 inert atoms). The catalyst atoms (102 catalysns in total) are placed on the inner surface
of the nanomotor. Due to the strong interactiomvieen the catalyst atom and the inert wall, the
catalyst atoms remain absorbed on the surfaceglthhencourse of the simulation. The catalyst
atoms do diffuse within the inner surface and dtenarapped at the corners of the inner surface.
The force field remains the same (Table 1).

The unconstrained nanomotor is released in a fugt@ment with an initial fuel

temperature of 116 K. Five independent simulatwaee again used to reduce random

fluctuations. The average reaction rate is appraséy 1.05 10**mol/s, which is about 30%
lower than the original system. This is mainly do¢he accessibility difference for the catalysts

between dispersing on the surface and scatteritty@e-dimensional space. Therefore the
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catalytic effect is less pronounced in the unca@nséd nanomotor even though the total number
of catalyst atoms is higher.

As shown in Figure 10, the motors move along tmeespropulsion direction (the surface
normal of the upper lid) in addition to rotationdashift. The total distance the nanomotor travels
along the driving direction, which is similar tcetkelocity calculation in Ref®, is calculated to
be about2.7+ 0.4 nm. It is apparent that the autonomous motionesgrved upon the removal
of the two constraints.

The drift speed for the unconstrained nanomo®isG+ 0.3m/s, which is about one
third of the drifting velocity predicted from thegpulsion model (section 1V.B), based on the
measured reaction rate. This is due to variousggragissipation modes (motor rotations, wall

heating) which are not considered in the propulsnaalel.

IV. Motor performance and propulsion mechanism
IV.A Motor efficiency

The simulations performed so far only concernsip@ntaneous movement of the
nanomotor during which no external force acts alibvegdirection of the motion, i.e. there is no
energy transfer into or out of the system. Not¢ tihe force from the application of the second
constraint is perpendicular to the motor motiothi@ Y-direction. Therefore, it is interesting to
investigate the nanomotor motion that is underregldorce along the direction of motion.
More importantly, the motor performance can be @at@d by its motor efficiency from such
simulations.

A constant external force ranging from 0.12 to ZoRbwas applied opposite to the

direction of the spontaneous motion. The simulatias otherwise the same as described in
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section III.B. There were 20 independent simulaifor every value of the external force. The
resulting average velocity of the motor as a fuorchf the external force is plotted in Figure 11.
The linear relationship between the drift veloaitgnd the external force implies that the motor
is propelled by a constant driving for€gropuision Which is balanced by the combination of the

external forcd-cx and a friction force from the fuel environmemgt (s the drag coefficient):

I:Propulsion +F x~ = 0 (11)
Thus,

F )
v zéFex + prozlsmn (12)

A linear fit yields g=3.15" 10*°kg/s and thé propuision=1.69 pN. The pressure from the
chemical propulsion is about 2% of the pressuth@funreacted fuel gas. The work done by the
motor through the external force during tirbe is,

DW =-F, xv D (13)

Thus the thermodynamic efficiency of the molecutentor can be calculated as,

Dw

= 14
kDt x B (14)

where DE s the chemical energy change for one combinatiaation of the fuel atoms at 0 K
(0.876 eV) antt, is the reaction rate (measured tolbé4” 10**mol/s) . This is appropriate

because in the MD simulations without thermal @sgure control, the change in potential
energy goes entirely into the kinetic energy andkwo external loads. Substituting the drift
velocity using Eqg. (12) yields,

h=- bFex( l:ex-l_ F propulsion)
1 1 (15)

gk x[E

19



To be appear in the Journal of Chemical Physics

where b is calculated to be -255.8 ifiNAccording to Eq. (15), the efficiency is a quaitra

function of the external force. Figure 12 showsreasured efficiency values in simulations,

which are consistent with those calculated from &§). The maximum efficiency is

hmax = %przropulsion (16)

under the condition that the external force is €tuane-half of the chemical propulsion. The

stall force of the motor is the same as the propualtorce (1.69 pN).

IV.B Propulsion model

The force acting on the motor in the Y-directiomas from the interactions between gas
molecules with the upper closed wall, side walld Hre catalysts. The first contribution comes
from the elastic collisions of the gas moleculesoth sides of the upper motor wall. Due to the
absence of deformable adsorption layers (flat apdlsive side walls), there is no phoretic force
exerted on the side walls of the motor. The thodtdbution is zero since the interaction
between fuels and catalysts (catalytic reactiomscatiisions) are isotropic. Therefore, the
propulsion of the motor comes entirely from thetficontribution governed by momentum
transfer and can be understood in the same veicst propulsion.

The momentum transfer of the combined system obmantd the gas inside consists of
the outgoing flux of hot gas and incoming flux olat gas through the bottom opening, as well
as gas impingement on the upper wall. Complicataise in such a non-equilibrium situation as
both the temperature and density of the gas vatly tivhe. Furthermore, the product molecules
are mostly not thermalized inside the motor. Tlais be seen as significant chemical energy
release is still stored in the intra-molecular atiwn mode after diffusing outside the motor.

Because the mean free path of the product molemdate the motor is approximately half the
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depth of the motor, one can assume that the pradalgcule does not collide with other gas
molecules before leaving the motor. One consequehites assumption is that there will be no
thermal energy transfer from the hot products &éogas molecules inside the motor. It should be
noted that this “no collision” assumption is stgatalid only in the limit of infinitely dilute fuk
gas.

Following the above assumption, the constant chalmiopulsion force can be
understood in the following physical picture. A gugt molecule forms in the vicinity of a
catalyst atom. Eventually, this product molecul# diffuse out of the motor with or without a
collision with the motor wall. If there is a colis between the product and the motor upper-lid,
momentum transfer occurs and the motor acquirestaic momentum in the positive Y-
direction. It is the momentum transfer from suchisions that constitutes the chemical
propulsion. The impingement of gas molecules witlaliemical reactions is assumed to be
balanced between the two sides of the upper wadl.further assumed that the entire exothermic
energy release goes into intra-molecular vibratidingrefore the average velocity of a fuel atom

in a product molecule along the Y-direction befoodliding is

DE/2
m,

1
v==
2 17)

where DE is again the exothermic energy release amds the mass of the fuel atom. For an

isolated diatomic harmonic oscillator (the rotaiband center-of-mass translational kinetic
energy are negligible compared to the intra-mokacubration energy), the time-averaged

kinetic energy and potential energy (bond stretghare equal. Thus the average kinetic energy

IS DE/2 and the average kinetic energy per ator@%:zf1 .The Ieading% factor in Eq. (17)

comes from summing over the projection from aleotations to the positive Y-direction.
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During time Dt , there are R Dt F atoms in products formed, with being the reaction rate.

Approximately half of those products will hit theotor wall while the other half will diffuse out
of the motor directly without collision with the per wall. Because the intra-atomic vibration
energy for the diatomic product is much larger thatranslational kinetic energy, two atoms in
the same molecule have approximately equal andsiigpeelocities. Therefore, once one atom
in a diatomic product molecule collides with thgpapwall, the whole molecule will bounce
away from the wall so that the other atom will nollide with the wall. Numerical simulations
show that, among 80 % of all collisions, only ori¢he two fuel atoms in a product molecule
collides with the motor wall. The remaining 20 %collisions do involve both atoms but have a
very similar average momentum change per atom., thasmpulse on the motor, from below

and above, due to collision of the product molesulering Dt is:

kbeloth .
Dl below — . m0(2V - 2Vmotor) (18)
abov
Dl above :%mo( -2V - 2Vmotor) (19)
where the velocity of the motor ig, ... Thus the total impulse is
D| :(krbelow _ krabove),.n O\TDt _ (kr belov_\i_ kr abovymOVnOtorDt (20)

In the long time average, the velocity of the mdtar greater than 6 m/s) is much smaller than
V (about 740 m/s). Therefore the second term ofitig-hand side of Eq. (20) can be omitted so

that

DI =(kP " -k 2°*)ym VDt (21)
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Thus the propulsion force can be calculated in ameasimilar to the pressure calculation in the
kinetic theory for an ideal gas. By substituting #iverage velocity in Eq. (17), the total

propulsion force is

1 elow abovi DE
Fpropulsion =§(k$ o - kr ° E) 7m0 (22)

The above equation illustrates that the key toinkgeopulsion is the asymmetric chemical
reaction. If the reaction rate from above (nonlgétareactions) is negligible, we can estimate
the propulsion force to be 2.06 pN. This is reabbnelose to the value of 1.69 pN obtained

from the molecular dynamics simulations.

We can also substitute Eq. (22) into Eq. (16).iAgssuming thak®*°*" is small

compared tck"**", the maximum motor efficiency is

=Mk (23)
329

The maximum motor efficiency does not depend orettehermic energy release but depends
on the reaction rate and drag coefficient.
Finally, the free drift velocity can be obtained ubstituting the propulsion force using

Eq. (22) into Eq. (12) at the condition of zeroezral force:

1 DE
Varite = ?g K \/7 my (24)

The predicted drift velocity is 6.64 m/s which aggeeasonably well with the measured value in
simulation 6.6+ 0.2 m/s). It is worth noting that the drifting velogidue to self-

diffusiophoresis is also proportional to the reamctiate’’*’

IV.C Propulsion at low Reynolds number
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One significant difference between the nanomotodehinvestigated here and the
catalytic nanomotors in experiments is the diffefgrdrodynamic regimes to which they belong.
The free drifting nanomotor in our simulations BaReynolds number of about 0.253, while the
typical Reynolds number for catalytic nanomotorsxperiments is I To narrow this gap, we
examined the applicability of the current nanomalesign at hydrodynamic regime with a lower
Reynolds number. It should be noted that, as luiriteg molecular dynamics simulations, the
lowest Reynolds number that can be achieved hemelysaround 0.01 which is typical for
molecular-level simulation®.

One way to access a lower Reynolds number regitedecrease the drift velocity
while keeping the fuel gas environment as welhasshape of the nanomotor unchanged. Thus
the drag coefficient stays the same. Accordingdo(E4), the drift velocity is proportional to the
reaction rate which in turn depends on the amotititeocatalysts. Therefore, one can lower the
Reynolds number by decreasing the catalysts irssrtEnomotor while maintaining other
simulation conditions.

The same nanomotors are constructed as in sattibexcept that fewer catalyst atoms
are included. Instead of 75 catalyst atoms in tiggral nanomotor, 25, 9, 4 and 2 catalyst atoms
are distributed inside the nanomotors. Simulat@md@tions are otherwise the same as in section
lIl.B. Ten or twenty independent samples are sitedldo acquire sample-to-sample variations.
The reaction rate, observed drift velocity, preglictrift velocity from the momentum transfer
model as well as the Reynolds number of the nanonaoe listed in Table 2. The propulsion

model works very well for systems with Reynolds fn@mas low as 0.01.
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V. Discussion

We have modeled an asymmetrically decorated natayrroa fuel gas environment. On
the one hand, this simulation setup is very simaatatalytic molecular motors using
asymmetric reactions. On the other hand, this natanis also related to rocket engines in
terms of hydrodynamic behavior and propulsion meim. However, important distinctions
exist that warrant detailed discussion.

With respect to the autonomous catalytic molecuodators, the viscosity of the fuel gas
in the current simulations is about 0.0025 cP (hhyd/400 of that of water). Consequently, the
free-drifting model nanomotor system has a muapelaReynolds number (~ 0.25) than, for
instance, that of bimetallic nanorods (¥L0Although we have shown that this model
nanomotor operates in hydrodynamic regime with ynBkls number as low as 0.01 (Section
IV.C), it is still unclear whether the momentumnséer model is valid in an even more viscous
environment (Re~1f). Second, the size of the nanomotor in our siraratis about 10 nm. In
experiments, the polymer bead is about 1.6 micimasametet and the bimetallic nanorod is 2
microns in length? The size of the motor matters because both taédhemical reaction rate
and the frictional force are size-dependent. Tleesthe motor performance depends sensitively
on its dimension. Moreover, gravity, which is beéd to be instrumental in propelling micron-
sized mono-component roéfSplays no role at the nanoscale.

With respect to the analogy to rocket enginesntdr@motor works against viscous
dragging force with fuel from the environment, vehal rocket engine works mainly against
gravity with on-board fuels. The motion of the narador can be characterized by a Brownian
motion plus a directional drift while thermal noisenegligible for rocket engines. Moreover, the

Reynolds number of the simulation system in thiskwe much smaller than the onset of
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turbulent flow. Therefore the flow around the modahomotor is laminar while turbulent flow
characterizes the hydrodynamic behavior in rockgiress.

It would be also interesting to compare the enexwersion efficiency of the
nanomotor in a gas to the catalytic molecular notomwater. We choose the bimetallic nanorod
system to compare because the chemical reactiemsratailable. Since there are no
experimental measurements of the thermodynamic medficiency by applying external forces,

the Stokes efficienc} is used instead to characterize the motor perfocaalhe Stokes

efficiency is 0.00074 for the model nanomotor &h8 10° for the bimetallic nanorod (similar
to Paxton’s estimatiotf). Hence, the model molecular motor outperformstineetallic nanorod
in experiments by five orders of magnitude. Theesigp performance is largely due to the low
viscosity of the gas phase and the high reactite fes all existing catalytic molecular motors
are studied in water solutions, an apparent wayeatly enhance the motor efficiency is to
switch to the gas phase.

The maximum thermodynamic motor efficiency achétiere is about 0.00018. This
efficiency value is still much lower than biomolémumotors or traditional macroscopic motors.
The reason is that the chemical energy releasegladvalent bond formation/breakage is not
directly coupled to the motor motion. Instead, thleased chemical energy first converts to heat,
mostly intra-molecular vibrations, then couplesrtechanical work. Thus, most of the chemical
energy is lost due to the poor chemo-mechanicagblouy It is believed that a strong coupling,
and consequently a high motor efficiency, can eeaed by incorporating proper

conformational changes during catalytic reacti@ssgemonstrated in biomotors.

VI. Conclusions

26



To be appear in the Journal of Chemical Physics

Motivated by the self-propelled motion of catatytnolecular motors, we studied a
minimalist’s catalytic nanomotor immersed in a teacfuel gas environment. Directional
motion is observed and the propulsion can be utmmidy a simple momentum transfer model.
By applying external forces of various magnitudbs, motor efficiency was determined. The
Stokes efficiency of the simulated nanomotor i forders of magnitude higher than that of
bimetallic nanorods. The superior performancengdly due to the low viscosity of the gas
phase and the high reaction rate.

This nanomotor model constitutes probably the &stpgenergy conversion nanostructure
from chemical energy to mechanical work. This makesign can be rationally improved by
utilizing the knowledge of its propulsion mechanigviore sophisticated nanomotors can be

designed based on this simple model by incorpagator instance, conformational changes.
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Table 1 Functional forms and parameters for the RE® field.

S| B | g Al A CN, A CN, B e . . . R
(hm)| (M) | (V) | (m) | (hm?) | (nm)
1| Morse| F F| O O 1 1 0 0| [0.66| 0.03 1.0 0.3 1.8 0.66
2| Morse| F F| 1] 1 0 0 0 0| [0.66| 0.03 -1.0 0.33 1.2 0.66
3| Morse| F| C| 1 1 0 0 0 0| [0.66| 0.03 -1.0 0.33 1.2 0.66
4| Morse| C| F| O O 1 1 0 0| [0.66] 0.03 1.25 0.3 1.8 0.66
5 HS C| F| 0 0] 10 2 0 0 0.660.03 2.50 0.06 0.39
6 HS * *10( O 0 0 0 0 50.0 0.03 0.24
7 LJ | F{ O] O 0 0 0 0 0.025 0.588 0.66
8 LJ | 0| O 0 0 0 0 1.928 0.402 0.66
9 LJ F | O] O 0 0 0 0 0.025 0.588 0.66
10 LJ C I 0] O 0 0 0 0 1.928 0.402 0.66
11 LI I I 10| O 0 0 0 0 1.928 0.264 0.66
12y LI c| Cc| 0] O 0 0 0 0 0.025  0.588 0.66

* Denotes all atomic species.
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Table 2 Molecular motors with various Reynolds nensb

Number of Number of Reaction rate | Drift velocity | Predicted drift Reynolds
Catalysts samples (mol/s) (m/s) velocity (m/s) | number
75 S 1.44° 10% 5.6+02 6.64 0.253
25 10 206 10* |1.22+007 |1.13 0.055

9 10 052 10° | 0.69+011 |0.52 0.031

4 20 497 10 | 0.32+Q0€ |0.27 0.015

2 20 3.37 10 0.22+ 007 |0.19 0.010
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Figure 1. The interaction potential (black linesjte F-F pair (a) and the F-C pair (b). The

contributions from individual reactive states alsoglotted.
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Figure 2

Figure 2. The potential energy contour of a cataysm and two fuel atoms (C-F-F) in a
collinear geometry. The two axes correspond talte&nce from the central fuel atom to the
catalyst atom and to the second fuel atom, resmdygtiThe red dots are the minimum energy
path of catalytic combination reaction of fuelsabed from the NEB method. Along the path,
the energy minima are states of total isolated atph), one fuel atom bonds to the catalyst atom
(B), the central fuel atom bonds to both the catadyom and the other fuel atom (C) and one
diatomic product with an isolated catalyst atom. (e green line represents the path of two
fuel atoms directly combine without the influendecatalysts. The potential energy is color-

coded from pure blue (-1.0 eV) to pure white (0.%#\ above).
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Figure 3

Potential Energy (eV)

Image Number

Figure 3. The potential energy of the minimal eggrgth (red line) for the collinear F-C-C
reaction from isolated atoms to diatomic produlthere are four energy minima along the path

for the catalytic reaction which correspond tofilr states in Figure 2. The direct combination

of two fuel atoms (green line) is also shown.
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Figure 4
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Figure 4. The Arrhenius plot of the combinationatean of the fuels with or without the
presence of catalysts. The temperature is choslea tise average temperature during each
simulation. The solid black lines are the bestdimigting. The error bars represent the
uncertainty of the reaction rate calculated fromshmulations. Note that due to an identical and
nearly constant reactant concentration, the reactte is linearly proportional to the reaction

rate constant.
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Figure 5

Figure 5. lllustration of the simulation system t@oning a nanomotor. The simulation box is
initially filled with blue monatomic fuel atoms. Bespheres represent inert atoms and green

spheres represent catalyst atoms.
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Figure 6
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Figure 6. Motor positions as a function of time fiwe independent simulations. The initial
temperature of the fuel is 116 K. The inset gradpdws the distribution of the instantaneous
velocity in the Y-direction of the motor for fivadependent simulations. The solid line is the
best fit to a Maxwell-Boltzmann distribution pluganstant velocity of 5.6 m/s. The spread of
the velocity distribution suggests a temperaturg#f K, which is within the temperature range

of the fuel during simulations (from 116 to 186 K).
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Figure 7
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Figure 7. The formation of product molecules axdked by the instantaneous position in the
Y-direction and simulation time (black circles).él'mitial fuel temperature is 116 K. The two
red lines denote the upper and lower edges ofdahemotor. The histogram of the reaction with

respect to time is also shown (blue bars).
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Figure 8
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Figure 8. The spatial distribution along the Y-dtren for the kinetic energy (a) and products (b)
at different simulation times. The Y-position otthaatom is shifted by the instantaneous

position of the motor (lower edge). Therefore thaemotor is stationary in this plot. The gray
region denotes the motor position. Different sirtiolatimes are represented by black (380 ps),
red (725 ps), green (1070 ps) to blue (1415ps)esurizach curve is averaged over a time span of
70 ps from five independent simulations. Solid Kem) curves represent distributions among

atoms that have X-Z projections within (outsideg ttanomotor.
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Figure 9
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Figure 9. Top pane: the displacement of the matovérious initial fuel temperatures. Bottom
pane: the amount of final products for variousiahituel temperatures. The onset of autonomous
motion and chemical reaction coincide at about 8THe product counts for systems with high

initial temperatures are out of the plot range.
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Figure 10

Figure 10. The center of mass position of the usttamed motors for five independent
simulations. The arrows represent the driving dio&cof the motor (surface normal of the upper
lid). The initial motor position is denoted by tbelid oval at the bottom-right corner. The final
motor positions are marked by the ovals with brolkees. Arrows with the same color belong to

the same simulation. The size of the arrow is 3 n

45



To be appear in the Journal of Chemical Physics

Figure 11

Average Velocity (m/s)
N
|
|

] ] ! ] ! ]
-2.5 -2 -1.5 -1 -0.5 0
External Force (pN)

Figure 11. Average velocities of the motor as afiom of external forces. The initial fuel

temperature is 116 K. The broken line is the bhastr fit.
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Figure 12
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Figure 12. Motor thermodynamic efficiencies asrction of external loads. The solid line is

calculated using Eq. (15).
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